Cross sections for e + e − → hadrons, π + π − J/ψ, and µ + µ − have been measured in the vicinity of the ψ(2S) resonance using the BESII detector operated at the BEPC. The ψ(2S) total width; partial widths to hadrons, π + π − J/ψ, muons; and corresponding branching fractions have been determined to be Γt = 264 ± 27 keV; Γ h = 258 ± 26 keV, Γµ = 2.44 ± 0.21 keV, and Γ π + π − J/ψ = 85.4 ± 8.7 keV; and B h = (97.79 ± 0.15)%, B π + π − J/ψ = (32.3 ± 1.4)%, Bµ = (0.93 ± 0.08)%, respectively. 
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Introduction
Since the discovery of the ψ(2S) in 1974 [1] , a few measurements of its total width (Γ t ), and partial decay widths into hadrons (Γ h ), π + π − J/ψ (Γ π + π − J/ψ ), and µ + µ − (Γ µ ), and the corresponding branching fractions, B h , B π + π − J/ψ , and B µ , have been carried out [2−9] . The results of these experiments differ on both decay widths and branching fractions, as shown in Table 1 . The parameters are of particular interest because, for instance, ψ(2S) → µ + µ − is used in reconstructing B mesons for CP violation measurements [11] , and ψ(2S) → π + π − J/ψ is often used to determine the total number of ψ(2S) events in ψ(2S) branching fraction measurements due to its large branching fraction and straightforward detection. Therefore, it is important to measure these decay widths and branching fractions with better accuracy.
Twenty four center-of-mass energy points were scanned in the vicinity of the ψ(2S) peak ranging from 3.67 GeV to 3.71 GeV. The data were collected with the BESII (BEijing Spectrometer) detector at the BEPC (Beijing Electron Positron Collider) storage ring. The BESII detector is described in detail in Ref. [12] . In addition, separated-beam data were taken at the first and the last points for background studies. The total integrated luminosity was 1149 nb −1 .
Event selection
The following four reactions are studied:
For the selection of lepton-pair final states, two charged tracks with total charge zero are required. For µ + µ − events, the acollinearity must be less than 10 degrees. In addition, in order to suppress cosmic ray background, the time-of-flight measurements of the two muon-candidates must satisfy (t 1 − 5) 2 + (t 2 − 5) 2 < 4.5(ns), as shown * E-mail:moxh@mail.ihep.ac.cn in Fig. 1 . Further, the Muon Counter(MUC) hit information is used to identify di-muon events from other back-to-back two-prong final states, and this requires | cos θ µ | ≤ 0.65 due to the limited solid angle coverage.
To separate electrons from muons and hadrons, the energies deposited by the two tracks in the Barrel Shower Counter (BSC) must sat-
is the normalized energy deposited. We also require | cos θ e | ≤ 0.72, and because the Monte Carlo simulation does not model the energy deposited well in the rib region of the BSC, an additional cut is applied on the z-coordinate of the first hit layer: 0.03 < |z sc | < 0.85 or |z sc | > 0.95 m. A potential source of background is leptonpairs coming from ψ(2S) → XJ/ψ, J/ψ → l + l − . To eliminate this background, we make cuts on the track momenta, as shown in Fig. 2 [13] .
Using the above criteria to select µ + µ − and e + e − events, we have compared various distributions with Monte Carlo distributions. Good [10] agreement is found, as illustrated, for example, in Fig. 3 .
For hadron event selection, we are guided by our R-scan experience [14, 15] . There is no particular event topology to require; instead we make cuts to reject major backgrounds: cosmic rays, beam-associated background, two-photon processes (γ * γ * ), mis-identified "hadron" events from QED processes of e + e − → l + l − , l = e, µ, τ , and e + e − → γγ followed by γ conversion, etc. Events with at least two well reconstructed charged tracks are selected. The total energy deposited by an event in the BSC is required to be larger than 0.36E beam , in order to suppress contamination from two-photon processes and beam associated background. Events with all tracks pointing to the same hemisphere in the z direction are removed to suppress beam-associated background. For two-prong events, two additional cuts are applied to eliminate possible lepton pair background. The number of photons must be greater than one, and the acollinearity between two charged tracks must be greater than 10 degrees. The background from τ + τ − decay is difficult to distinguish from direct hadronic decay events, so the contribution from this source,
where L is the integrated luminosity at each energy point, σ τ τ the QED production cross section at this energy point, and ε τ τ the acceptance of our hadron event selection criteria for
events. This is subtracted from the observed number of hadrons. A similar subtraction is performed for the other surviving backgrounds, such as e + e − → e + e − , µ + µ − , γγ, and two-photon process (γ * γ * ). Therefore, the corrected number of hadron events, N obs h , is
where N h is the number of events that satisfy the hadron selection cuts.
For the selection of ψ(2S) → π + π − J/ψ events, we select a pair of low energy pions and determine the mass recoiling against these two pions, m recoil , which shows a strong J/ψ peak, corresponding to the decay ψ(2S) → π + π − J/ψ. The m recoil distribution is fitted with a signal shape plus polynomial background to obtain the number of ψ(2S) → π + π − J/ψ events at each energy point. The very clean ψ(2S) → π + π − J/ψ, J/ψ → l + l − channel is used to determine the signal shape. The inclusive m recoil distribution for all 24 energy points combined is shown in Fig. 4 . For more detail, see Ref. [16] . The numbers of events selected for the four final states at the 24 energies are listed in Table 2 .
Acceptance
The acceptance is the product of the trigger efficiency and the reconstruction-selection efficiency. The triggers are the same as those used in our R scan experiment [14] , The trigger efficiencies, measured by comparing the responses to different trigger requirements in special runs taken at the J/ψ resonance, are determined to be 1. tions removed. For the hadronic processes, an event generator for charmonium inclusive decay [18] is used to obtain the efficiency for the resonance portion, and the JETSET string fragmentation algorithm with parameters modified to fit the experimental data in the BEPC energy region [19] is used to compute the efficiency for the continuum portion. For the π + π − J/ψ acceptance, a phase space Monte Carlo program, modified to give the correct dipion mass and angular distributions [20] , is used.
The acceptances of the four final states for continuum (A c ) and resonance (A r ) processes, together with their relative errors, are listed in Table 3. Here the acceptance for the e + e − final state in the table applies to events within a restricted solid angle (| cos θ e | ≤ 0.72), whereas those of the hadron and dimuon final states cover all solid angles. The acceptance error includes the uncertainties estimated by varying selection cuts and using different selection methods and Monte Carlo models. 
Fit of observed cross sections and results
The e + e − → hadrons, π + π − J/ψ, e + e − , and µ + µ − events at the 24 scan points are fitted simultaneously to obtain the partial widths of ψ(2S) to hadrons, π + π − J/ψ, and µ + µ − final states. The total width is assumed to be the sum of four partial widths, Γ t = Γ h + Γ µ + Γ e + Γ τ , and lepton universality is assumed † , Γ e = Γ µ = † BES collaboration has measured the branching fraction of ψ(2S) decay into τ + τ − . This value along with those of the branching fractions in e + e − and µ + µ − , satisfies the relation predicted by the sequential lepton hypothesis within errors [8] . [21] and maximized using the MI-NUIT package [22] to give the best estimates for ψ(2S) parameters and their uncertainties. The theoretical cross section used in the fit for the hadron channel uses a Breit-Wigner amplitude and a non-resonant direct-channel amplitude plus a J/ψ resonance "tail" cross section, as determined by a previous BES J/ψ scan experiment [23] . The contributions from ψ(2S) decay into e + e − , µ + µ − , τ + τ − final states mis-identified as hadron events have been taken into account by correcting the resonant hadron event acceptance † . For the π + π − J/ψ final state, only a resonant Breit-Wigner amplitude is considered. In the µ + µ − channel, the ψ(2S) resonant term, QED term, and their interference are included. The radiative corrections to these three processes are taken into account by the formulation of Refs. [24] and [25] . For the e + e − final state, where the QED t-channel photon exchange also contributes, a theoretical cross section including radiative corrections is derived using the method of Ref. [26] . The effects on lepton-pair final state cross sections coming from vacuum polarization are also taken into consideration [27] ; while for hadronic final states, the vacuum polarization is absorbed into the definition of Γ ee , that is
, where Γ exp is the experimental width, Γ 0 the low- † The contaminations from QED processes e + e − → l + l − have been already subtracted, see section 2.
est order in α width, and the order α vacuum polarization [28] . The theoretical cross sections are convoluted with the energy distribution of the colliding beams, which is treated as Gaussian. The following parameters are allowed to vary in the fit: the ψ(2S) mass, M , the total width, Γ t , the partial widths, Γ π + π − J/ψ and Γ µ , the energy spread of the machine, and the nonresonant hadronic cross section.
As the branching fraction of ψ(2S) to e + e − is small, the cross section for the e + e − final state is dominated by the QED process. Therefore this channel is used to calculate the integrated luminosity at each energy point by an iterative method. First, all e + e − events within | cos θ| ≤ 0.72 are taken as "Bhabha" events and used to calculate the integrated luminosity at each energy point. A maximum likelihood fit is performed to the observed cross sections for hadron, π + π − J/ψ, and muon pair final states, and a group of ψ(2S) parameters is obtained with the assumption of e-µ-τ universality. Then, separating the e + e − events into a QED part, a resonance part and their interference, the integrated luminosity for each energy point is recalculated using the QED part only, and the fitting procedures are redone to get new values for the ψ(2S) parameters. The iterative process is repeated until the value of the integrated luminosity at each energy point is consistent for two successive iterations. The fitted curves are shown along with the scan points in Fig. 5 . The fitted mass of the ψ(2S) is corrected to the PDG value [10] . The errors in the other parameters caused by this correction are negligible. The fitted spread in the center-of-mass energy of the machine is (1.298 ± 0.007) MeV, in agreement with the expectation (∼1.3 MeV). The resultant R ratio for the hadronic cross section near the ψ(2S) resonance is 2.15 ± 0.16, which agrees well with the earlier BES R measurements [15] .
The results of the fit for decay widths and branching fractions are given in Table 4 , together with corresponding PDG [10] values for comparison. The errors are the sum in quadrature of statistical, fitting, and systematic uncertainties, including those from acceptance uncertainties and a center-of-mass energy uncertainty of 0.10 MeV [30] . For B h , B ππJ/ψ , and B µ , the error related to the luminosity measurement cancels out.
As a check of the fitting procedure, B ππJ/ψ was also determined by a simpler approach. In this approach, the distribution of N obs h versus energy was fit with the shape determined from N ππJ/ψ versus scan energy plus a polynomial to represent the continuum process to determine the number of hadrons coming from ψ(2S) decays. Using the ratio of the total number of N ππJ/ψ events corrected by their detection efficiency and the number of ψ(2S) hadronic decays corrected by their detection efficiency, we directly determine B ππJ/ψ , which agrees very well with the result from the full fitting procedure.
The assumption that lepton pairs couple to the ψ(2S) only via an intermediate photon [29] implies the existence of the decay ψ(2S) → γ → hadrons with a branching fraction:
Γ γh /Γ t = RΓ µ /Γ t = 0.0199 ± 0.0019, which corresponds to a width Γ γh of 5.26 ± 0.32 keV. The ψ(2S) total decay width Γ t = 264 ± 27keV obtained in this measurement agrees with the BES previous value of (252 ± 37 keV) [8] , within the error.
In addition, this is the first direct measurement to the decay width of ψ(2S) → π + π − J/ψ, and the precision of B π + π − J/ψ is much better than previous measurements and the current PDG value. for an e-pair, wherep is the normalized momentum:p = p/E beam . For a µ-pair, the corresponding cut is:
P -cut.1 ∩ ( P -cut.2 ∪ P -cut.3 )
where P -cut.1, P -cut.2, and P -cut. 
